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Widespread mortality of redbay (Persea borbonia (L.) Spreng.) has been observed in the coastal plains of South Carolina and Georgia since 2003 (3) . The mortality is due to a disease known as laurel wilt caused by Raffaelea lauricola T.C. Harrin., Fraedrich & Aghayeva, a fungal symbiont that serves as a food source for the redbay ambrosia beetle, Xyleborus glabratus Eichhoff (Coleoptera: Curculionidae: Scolytinae) (3, 9, 10) . The beetle is native to Asia (e.g., India, Japan, and Taiwan), where it is often associated with plant species in the Lauraceae (e.g., Cinnamomum osmophloem Kanehira, Lindera latifolia Hk.f., and Litsea elongata (Nees) Hk.f.) (11, 31) , and the beetle brought the laurel wilt pathogen with it from Asia (11) . The redbay ambrosia beetle was first detected in the vicinity of Savannah, GA in 2002, and mortality of redbay in nearby Hilton Head, SC was noted soon thereafter (3) . The pathogen causes a vascular wilt disease similar to the wilt caused by the related Dutch elm disease fungi (Ophiostoma ulmi and O. novoulmi), which also have vectors in the subfamily Scolytinae (3) . Wilted redbay trees of suitable diameter sustain large populations of X. glabratus in outbreak areas (3, 5) . Female X. glabratus carry R. lauricola and other fungal symbionts in specialized mandibular sacs called mycangia, in which the symbionts grow in a yeast phase (8, 9) . The beetle may introduce the pathogen into healthy trees during what are believed to be aborted attacks, often on branches too small for development of beetle brood (3) .
Since the initial discovery of laurel wilt on redbay (3), the disease was diagnosed on other plant species in the Lauraceae occurring in coastal plain areas of the Southeast. Most notably, sassafras (Sassafras albidum (Nuttall) Nees) and avocado (Persea americana Mill.) were reported as hosts in areas with diseased redbay, and both species proved susceptible to R. lauricola in inoculation studies (3, 16) . The disease has been a serious concern for the conservation of two other indigenous members of the Lauraceae, pondberry (Lindera melissifolia (Walter) Blume) and pondspice (Litsea aestivalis (L.) Fern.), both of which are rare because of habitat loss. Pondberry is a dioecious, deciduous, rhizomatous, clonal shrub that grows up to 2 m tall and occurs at the margins of ponds, swamps, and sinks (1, 22) . Pondberry is listed as a federally endangered species and is extremely rare in the Southeast. In the 1990s, only five populations of pondberry were identified in South Carolina (25) , and four populations were identified in Georgia (20) . Pondspice is a dioecious, deciduous, multibranched shrub that grows 0.5 to 3 m tall, and this species also grows at the margins of ponds and swamps (18, 22) . This species is known to occur in only 13 Georgia counties (20) and five counties in South Carolina (22) . Pondspice is listed as a candidate for the federal endangered species list and is considered threatened in Georgia and South Carolina.
R. lauricola has been isolated from pondberry and pondspice plants with wilt-like symptoms (3, 24) , but there is no information on the susceptibility of these species, and the potential impact of the disease on these species is not known. The objectives of this study were to: (i) determine the susceptibility of pondberry and pondspice to R. lauricola; (ii) compare pondberry and pondspice isolates of R. lauricola to redbay isolates using morphology and rDNA sequences; and (iii) document the occurrence of laurel wilt and potential vectors in pondspice and pondberry in areas of South Carolina and Georgia where these rare plants are in proximity of redbay plants with laurel wilt.
Materials and Methods
Susceptibility of pondberry and pondspice to R. lauricola. Susceptibility was evaluated in controlled growth chamber experiments. Pondberry plants were produced from seeds from an Arkansas source (Craighead County), and seedlings were grown in a greenhouse in pots (3, 000 cm 3 ) with a peat:sand mixture (2:1) for approximately 1.5 years. The plants had an average shoot length of 140 cm and a diameter at ground line of 7.5 mm at the time of inoculation. Pondspice seeds were collected in Effingham County, GA, and seedlings were grown in a greenhouse for approximately one year in pots (2,500 cm 3 ) with a peat:sand mixture (2:1). Shoot length at inoculation averaged 64 cm, and the average diameter at ground line was 6.0 mm. Two isolates of R. lauricola (HH5 and FTG1 = C2428 and C2258, respectively, in the collection of T. C. Harrington) obtained from wilted redbay trees on Hilton Head Island, SC, and Fort George Island, FL, were used for inoculations. Isolates were single spored and subsequently grown on malt extract agar (MEA, 2.5% malt extract and 2.0% agar) at 25°C for 10 to 14 days prior to inoculations. Conidia were collected as previously described (3). Spore concentrations were determined with a hemacytometer and ranged from 1.6 to 2.2 × 10 6 conidia/ml. Fifteen pondberry and 15 pondspice seedlings were wounded by drilling 2-mm-diameter holes into stems just above ground line to a depth of approximately one-half the diameter of the stem. Five seedlings of each species were inoculated with 0.2 ml of the conidial suspension from isolate C2428, and another five seedlings of each species were inoculated with isolate C2258. Five seedlings of each species served as controls, and 0.2 ml of sterile distilled water was placed into the wounds. Inoculation points on all seedlings were wrapped with Parafilm M (Pechiney Plastic Packaging, Menasha, WI). Seedlings were placed in a growth chamber with 16 h of light per day, with day and night temperatures set at 28°C and 25°C, respectively. Plants were watered every 2 to 4 days, as needed. After 5 to 7 weeks, disease symptoms were evaluated, and pieces of stem tissue from 10 to 20 cm above the inoculation points were surface sterilized and plated on cycloheximide-streptomycin malt agar (CSMA, 1% malt extract, 1.5% agar, and 200 ppm cycloheximide and 100 ppm streptomycin sulfate added after autoclaving), a medium selective for Ophiostoma spp. and their related anamorphs such as Raffaelea spp. (6, 7, 9) . Pondberry and pondspice plants were examined for wilt, dieback, or other signs and symptoms of disease or injury. Symptomatic plants were found at each site, but no attempt was made to determine overall incidence of mortality. At each site, a sample of plants was selected that had recently wilted leaves or branch or stem dieback with xylem discoloration, symptoms similar to those of laurel wilt on redbay (3) . Plants examined in the field but found to have excessively dry xylem and phloem tissues were usually discarded because R. lauricola is difficult to isolate from such dead tissues. Samples were placed in plastic bags and stored in coolers with ice packs until they could be examined and processed.
In the laboratory, samples of branches and stems were examined for sapwood discoloration and evidence of insect damage, insects, or other stress-related factors. Sections of branches and stems with dieback or sapwood discoloration were surface sterilized by dipping in 95% ethanol and flaming. Wood chips were removed from samples and placed on MEA and CSMA. Evaluations of isolation plates were typically performed 7 to 10 days after plating samples.
Small-diameter pondberry stems were split longitudinally in half with hand pruners to expose tunnels made by insects. Sections of pondspice branches and stems with insect holes were split longitudinally in half with a hammer and chisel, and then split as necessary to expose openings of ambrosia beetle tunnels. A thin piece of straw was pushed through tunnels to extract beetles.
Association of R. lauricola with ambrosia beetles. Three adult Xyleborinus saxeseni (Ratzeburg) beetles and two adult Xylosandrus crassiusculus (Motschulsky) beetles were recovered from symptomatic pondspice stems at the Effingham County site in April 2007. The beetles were individually ground and dilution plated on CSMA or SMA (malt extract agar with 100 ppm streptomycin) to determine if they were carrying R. lauricola or other fungal symbionts (9, 11) . Two of the X. saxeseni beetles were surface sterilized prior to grinding (9) , but the other beetle was not treated. The X. crassiusculus beetles were not treated before grinding and dilution plating. The numbers of colony forming units of R. lauricola per beetle were expressed as the mean of the three plates (9) . Samples of individual colonies were transferred to MEA, hyphal tipped, and stored for additional evaluation.
Pathogenicity and characterization of R. lauricola isolates. Isolates of R. lauricola obtained from pondberry and pondspice at the Effingham County site were evaluated for pathogenicity in July 2007. Four isolates, two from pondberry (Lindera 1 and 6 = C2356 and C2358, respectively) and two from pondspice (Litsea 1 and 4 = C2353 and C2355, respectively), were tested. An isolate (SAX1 = C2445) of R. lauricola from an adult, female X. saxeseni, excavated from a pondspice plant, was also tested. Isolates were grown on MEA and inoculum was produced as previously described. Inoculum concentrations ranged from 2.8 to 7.1 × 10 6 spores/ml. Pondspice and pondberry plants were not available, so pathogenicity of these isolates was confirmed on redbay seedlings. Four redbay plants were inoculated with each isolate (20 plants total), and four additional plants served as controls. Plants were inoculated as previously described, and seedlings were evaluated after 5 weeks. At the end of the experiment, pieces of stem tissue were subsequently removed from seedlings at 10 to 20 cm above the inoculation points, surface sterilized, and plated on CSMA to determine the presence of R. lauricola. Plates were evaluated after 8 to 10 days for R. lauricola.
Amplification and sequencing of the large subunit (LSU) rDNA was performed as described previously (8) on isolates of Raffaelea from pondberry, pondspice, and X. saxeseni, including isolates C2355, C2356, and C2445.
Results
Susceptibility of pondberry and pondspice to R. lauricola. Ten of 10 pondberry plants inoculated with isolates of R. lauricola wilted and died within 5 weeks (Fig. 1A ). All inoculated plants had xylem discoloration throughout the stems, and R. lauricola was recovered at the end of the experiment. All control plants remained healthy with no evidence of wilt symptoms, and R. lauricola was not isolated from these plants at the end of the experiment. Nine of 10 pondspice plants inoculated with R. lauricola also had dead and flaccid leaves within 7 weeks after inoculation (Fig.  1B) . These wilted plants had xylem discoloration throughout their stems, and R. lauricola was recovered from discolored xylem tissues. One inoculated plant and all control plants remained healthy and had no xylem discoloration, and R. lauricola was not isolated from these plants at the end of the experiment.
Field evaluations, pondberry. A site with pondberry located in a flatwood forest in Beaufort County was visited in March 2006. Stem dieback and wilt-like symptoms were common on pondberry plants throughout the stand, but field assessments found that much of the damage was due to tunneling by the black twig borer, Xylosandrus compactus (Eichhoff) ( Table 1 , Fig. 2A and B) , based on the identification of adult beetles excavated from the tunnels or the unique type of galleries (longitudinal tunnels running through the pith) (2). Samples from three pondberry plants with stem dieback were collected and plated on CSMA, but R. lauricola was not isolated.
A flatwood forest site in Effingham County was first visited in August 2006, and pondberry plants were located at the margins of intermittent ponds and depressions. Pondberry was common at this location, and there was scattered mortality or dieback of stems throughout the site. Stem samples were collected from 12 pondberry plants that ranged from 30 to 90 cm in height and from 2 to 8 mm in diameter at ground line. All of the stem samples had xylem discoloration, and 3 of the 12 plants had damage consistent with that caused by X. compactus. R. lauricola was isolated from discolored xylem of four of the 12 plants, but the discolored xylem in these samples was not associated with tunneling of X. compactus.
The Field evaluations, pondspice. All sites with pondspice were located in areas that had intermittent ponds, but the depressions were dry at the time of evaluation. Pondspice occurred primarily as multistemmed shrubs with stem heights up to 3 m. Mortality, wiltlike symptoms, and dieback of stems were observed in some plants at all three locations, but R. lauricola was only isolated from plants at two of the three sites ( Table 2) .
One site with numerous pondspice plants in Beaufort County was first visited in March 2006. Although there were many dead stems with xylem discoloration scattered among healthy appearing stems, the phloem and xylem tissues of most of these stems were dry and had apparently died months before the visit. No attempt was made to isolate from these stems. One plant with a stem diameter of 25 mm had sapwood discoloration and appeared to have died recently, and R. lauricola was isolated from the discolored xylem tissue. The site was revisited in August 2006, but no recent stem mortality was apparent. A stem sample was collected from a plant that had xylem discoloration and small insect entrance holes similar to those produced by X. glabratus. A couple of adult beetles were found in the tunnels, but these were dead and damaged, and they could not be identified to species. R. lauricola was not isolated from the stem. A site on the Fort Stewart Army Base in Bryan County was also visited in March 2006. Dieback and mortality was common in individual stems of many of the multistemmed pondspice plants. Discoloration often extended throughout the cross-sectional area of the xylem in portions of the affected stems, but vertical spread of the discoloration was often limited, with an abrupt transition zone between healthy and symptomatic xylem. Samples of stems and branches, ranging from 10 to 32 mm diameter, were collected from six plants. Beetle holes were found in stems of five of the six plants, but no beetles were found in the galleries. Attempts to isolate R. lauricola from the six plants were unsuccessful.
A third location with pondspice was located in Effingham County and was first visited in August 2006. Pondspice plants were numerous, and wilt-like symptoms and mortality were common among the multistemmed shrubs (Fig. 3A) . Stem samples were collected from five plants that ranged from 15 to 32 mm in diameter, and beetle entrance holes were observed in samples from three of the five plants. Adult X. crassiusculus and X. compactus beetles were found in tunnels of one sample. Short tunnels (2 to 4 mm depth) were found in samples from two other plants, but these appeared to be aborted ambrosia beetle tunnels and not used for brood development. Stem samples from two of the five plants had dark brown streaks that were primarily restricted to the outer xylem rings (Fig. 3B ), but other samples had discoloration that extended into the inner xylem rings. R. lauricola was isolated from the two plants with discoloration in the outer xylem rings.
The Effingham County site was revisited in April 2007, and branch and stem sections that ranged from 10 to 50 mm diameter were collected from three pondspice plants. A small diameter branch from one plant had beetle entrance holes, and adult X. crassiusculus beetles were extracted from the tunnels. A stem section (32 mm diameter) from a second plant had beetle entrance holes and tunnels with adult X. saxeseni beetles. Stem samples from a third plant had no evidence of beetle attack. Xylem discoloration in the samples ranged from streaking in the outer sapwood to discoloration that extended throughout the stem cross section. R. lauricola was isolated from the stem section that had the adult X. saxeseni, but the fungus was not isolated from the other plants.
A third visit was made to the Effingham County site in June 2007. Branch and stem sections ranging from 8 to 30 mm diameter were collected from three pondspice plants with wilt or dieback symptoms. Beetle entrance holes were observed in samples from one of the three plants, but neither adult beetles nor larvae were present in the tunnels. All samples had streaks of xylem discoloration in the outer xylem rings and, in some samples, discoloration that extended well into the older xylem rings. R. lauricola was isolated from two of the three plants.
Association of R. lauricola with ambrosia beetles. R. lauricola was isolated from two of the three adult X. saxeseni beetles obtained from a pondspice plant at the Effingham County site in April 2007. R. lauricola was not isolated from one of the two X. saxeseni beetles that was surface sterilized, and the second surface-sterilized beetle yielded an estimated 133 cfu of R. lauricola. The X. saxeseni that was not surface sterilized prior to plating yielded an estimated 600 cfu of R. lauricola on CSMA. When this ground beetle slurry was plated on SMEA, 1,870 cfu of mycelial yeasts (Candida spp.) were estimated, in addition to 1,070 cfu of R. lauricola.
No Raffaelea species was isolated on SMEA from the two adult X. crassiusculus beetles collected from pondspice in Effingham County in April 2007. One of the beetles yielded an estimated 17,000 cfu of an Ambrosiella sp. similar to A. hartigii L.R. Batra (8) and 7,000 cfu of Candida spp. The second beetle yielded an estimated 11,000 cfu of Candida spp. but no Raffaelea or Ambrosiella sp.
Pathogenicity and characterization of R. lauricola isolates. All isolates of R. lauricola recovered from symptomatic pondberry and pondspice plants produced colonies that were initially mucoid on MEA plates. Hyphae growing in the agar or on the agar surface produced small conidiophores with clusters of conidia typical of R. lauricola (3, 10) . Sequences of the LSU rDNA were obtained from 10 isolates from the Effingham County site: four isolates from pondberry, three isolates from pondspice, and three isolates from X. saxeseni adults excavated from pondspice stems. All of the isolates had partial rDNA sequences identical to those of other isolates of R. lauricola (3, 8, 10) .
All tested isolates of R. lauricola from pondberry, pondspice, and X. saxeseni were pathogenic to redbay seedlings. The 20 inoculated redbay seedlings (four seedlings for each of the five isolates of R. lauricola) wilted and developed xylem discoloration within 6 weeks, and R. lauricola was reisolated from all inoculated seedlings at the end of the experiment. Control seedlings remained healthy and did not have sapwood discoloration, and R. lauricola was not isolated from these plants.
Discussion
Laurel wilt may complicate conservation efforts for pondberry and pondspice. These rare species are highly susceptible to laurel wilt based on our growth chamber inoculation studies, and R. lauricola was recovered from some symptomatic plants of both species. However, many attempts to isolate the pathogen from dead and dying stems of pondberry and pondspice were not successful, and other biotic and abiotic factors also appear to be important causes of stem dieback and mortality as has been previously suggested (1, 17, 24, 25) . Stem dieback of pondberry was frequently reported before laurel wilt was observed in the United States (1, 4, 17, 25) and has been attributed to drought, flooding, site disturbance, and various insects and potential pathogens (1, 4, 25) . Pondspice has not been studied as extensively as pondberry, but factors other than laurel wilt also probably contributed to some of the stem dieback and mortality of pondspice. R. lauricola was isolated from only one pondspice sample collected at the Beaufort County site, and it was not isolated from samples collected at the Bryan County site. We suspect that some of the dieback and mortality observed in this species were related to droughts that were severe in the area in the late 1990s and early 2000s (13, 23) , and another period of drought began in early 2006 (13) . Pondspice thrives in wet soils (15) and is usually found at pond margins (22) , but intermittent ponds were dry with no evidence of recent flooding at the three sites that we visited in 2006 and 2007. Nevertheless, R. lauricola was isolated from five of 11 plants that appeared to have wilted recently at the Effingham County site, and laurel wilt can be a significant mortality factor on pondspice.
Fusarium and Botryosphaeria spp. have been isolated from pondberry and pondspice plants that did not have laurel wilt (S. W. Fraedrich, unpublished data), but it is not known if these potential pathogens were involved in the dieback and mortality. Xylosandrus compactus was clearly associated with mortality of pondberry plants at both locations assessed in this study. Botryosphaeria ribis Grossenb & Duggar and X. compactus were also associated with dieback of pondberry in Mississippi (26, 27 ). An adult weevil subsequently identified as Heilipus apiatus Oliv. (F. Shockley, Department of Entomology, University of Georgia, personal communication) was found at the base of a pondspice plant at the Effingham County site in April 2007. Furthermore, scattered mortality and wilting pondberry plants were observed in several stands on the Francis Marion National Forest in South Carolina where laurel wilt had not been found, and some of these plants had extensive feeding damage in the root collar region and on major roots (S. W. Fraedrich, unpublished) . A weevil larva similar in size and morphology to H. apiatus (28) was found on a pondberry plant at one of the sites. This weevil, known as the avocado weevil, is associated with plants in the Lauraceae, and larvae damage roots of avocado (28, 32) and have been associated with sassafras (12) and pondberry (25) .
Xyleborus glabratus is known to carry R. lauricola in high numbers of colony forming units (9,11) and is commonly found in dead and dying redbay, sassafras, and avocado trees afflicted with laurel wilt (3, 8, 16) . We were unable to find adult X. glabratus associated with pondspice and pondberry plants, even if R. lauricola was isolated from these plants. The failure to find brood galleries of X. glabratus may be due to the small diameter of pondberry and pondspice stems. Smaller diameter redbay seedlings and saplings are less frequently attacked and utilized by X. glabratus for brood than are larger diameter redbay trees (3, 5) . However, aborted attacks by X. glabratus on small diameter branches of redbay are believed to be an important pathway for infection by R. lauricola (3) , and some of the apparently aborted galleries found in pondberry and pondspice with laurel wilt were probably caused by X. glabratus adults that flew into the site from nearby redbay trees.
Redbay trees with laurel wilt occurred near our study sites, often within several hundred meters. However, the Effingham County site was unique in that it had redbay trees with laurel wilt within 5 to 10 m of some of the pondspice and pondberry plants, and this site had the highest incidence of laurel wilt in pondberry and pondspice. If redbay supporting large populations of X. glabratus are necessary for significant levels of laurel wilt to occur on pondspice and pondberry, the disease may not pose a great threat to these species after the large redbay trees have died, as is anticipated (5) . Removal of large diameter redbay trees within 100 m of pondberry and pondspice populations may prove to be an effective management tool when trying to protect these species from laurel wilt.
X. compactus is an Asian ambrosia beetle that has been present in the southeastern United States since the 1940s, and the beetle attacks and kills twigs and small diameter branches of many plant species (2) . The symptomatic pondberry plants examined in South Carolina and Georgia commonly had galleries typical of X. compactus, but we were not able to recover R. lauricola from samples with this type of damage. In areas with laurel wilt, we (S. W. Fraedrich and T. C. Harrington, unpublished) have been unable to isolate R. lauricola from X. compactus adults collected from redbay twigs and branches exhibiting dieback, and it is not believed to be an important vector of R. lauricola.
The association of R. lauricola with X. saxeseni suggests that the beetle could be a vector. However, the number of cfu of R. lauricola recovered from the beetles was low compared to recovery from X. glabratus (9) , and the fungus may not be able to reproduce well in mycangia of X. saxeseni. Furthermore, there is no clear evidence to indicate that X. saxeseni can effectively transmit the pathogen to healthy plants. X. saxeseni is reported to be aggressive (21) and has caused economic losses (29) , but this ambrosia beetle is primarily associated with recently cut, injured, or dying plants (30) , and its role in the decline of plants is unclear (14, 19) . X. saxeseni was introduced into the United States over 100 years ago, but to our knowledge, it has not been previously associated with attacks on pondspice, pondberry, or redbay.
Xylosandrus crassiusculus is often found in redbay trees with laurel wilt, but a pondspice stem at the Effingham County site, from which two X. crassiusculus beetles were extracted, did not have laurel wilt. Dilution plating of these two beetles on CSMA yielded no Raffaelea species, but an Ambrosiella species was isolated from one of the beetles. Other attempts to isolate R. lauricola from X. crassiusculus have also failed, and it has been speculated that the mycangium of this species does not support growth of Raffaelea spp. (8) .
Biologists and land managers are concerned about the potential impacts of laurel wilt on pondspice and pondberry. As laurel wilt spreads on redbay, additional stands of pondberry and pondspice will be exposed to the disease, and the occurrence of wilt-like symptoms caused by insects or diseases other than laurel wilt will be a source of confusion for biologists evaluating the health of these species. Our experiences with laurel wilt indicate that populations of X. glabratus are not sustained on smaller diameter (<2.5 cm) redbay (5) , and in this study there was no clear evidence that the shrubby pondberry and pondspice are used for brood production. Management of X. glabratus populations to lessen the threat of laurel wilt may be possible through the removal of larger diameter redbays in and around stands of pondberry and pondspice. Continued monitoring of pondberry and pondspice as laurel wilt moves through the Southeast is imperative, and a better understanding of other disease and insect problems that affect these threatened and endangered species is also necessary to enhance the possibility of their long-term preservation.
